The solubility of nitrogen in liquid silicon equilibrated with silicon nitride and its dependence on the composition of the atmosphere has been studied in the temperature region 1428-1542 C. High purity silicon was melted in silicon nitride crucibles under Ar and N 2 atmospheres. The equilibrium was observed to be established within minutes, after which no evolution of the nitrogen content with time could be observed. The nitrogen transfer between the Si 3 N 4 -crucible and the melt was faster than the transfer via the gas-phase to such an extent that the composition of the atmosphere did not influence the solubility limit. The solubility limit as a function of temperature was found to follow:
Introduction
The casting of multi crystalline silicon ingots for solar applications typically takes place in fused silica crucibles that are coated with silicon nitride to avoid sticking. When the silicon melts, this coating will dissolve and nitrogen will be incorporated into the silicon melt. Upon solidification, this nitrogen will re-precipitate as nitride particles, which have negative impact on solar cell operation. Binetti et al. 1) associated a drop in minority carrier lifetime with high levels of silicon nitrides. Silicon nitride can also cause an increased dislocation density, either directly by acting as nucleation sites for dislocations, or indirectly by nucleating SiC particles which in turn create dislocations.
2) Such dislocations have been estimated to lower the efficiency of the finished solar cell with as much as 3-4 percentage points.
3) Furthermore, nitride particles have been observed as the starting point for the growth of silicon carbide filaments. These filaments typically grow in the direction of solidification and can therefore easily intercept the pn-junction of a finished cell and cause shunting. 4) In understanding the formation of silicon nitride particles and their interactions with carbides and dislocations, the solubility limit of nitrogen in liquid silicon is an important figure.
In the current work, liquid silicon melts have been equilibrated with silicon nitride under Ar and N 2 atmospheres, and samples have been extracted and analysed for nitrogen content. The results have been discussed with respect to the time dependency of the nitrogen content, the temperature dependency of the nitrogen solubility limit and the influence of the composition of the atmosphere.
Experimental Setup
In each experiment, approximately 75 g of high purity polycrystalline silicon feedstock with starting nitrogen content 3 ppmm was charged in a reaction bonded silicon nitride (Morgan Ceramics) crucible. The silicon was then melted in a resistance heated tube furnace.
Once the silicon had melted an equilibrium was established between nitrogen in the form of silicon nitride and nitrogen in solution:
Where N means nitrogen dissolved in liquid silicon with the standard state of 1 mass% nitrogen. Nitrogen would continue to enter the melt until the liquid was saturated locally. The melt flow would then transport nitrogen away from the area near to the crucible wall, allowing more nitrogen to enter into solution. This process would continue until the nitrogen content of the melt was uniform and equal to the saturation limit. Across the gas-liquid interface at the top of the melt, nitrogen could form N 2 molecules and leave the melt via the gas-phase. This gas-phase transport would be influenced by the partial pressure of N 2 in the furnace atmosphere. In order to investigate the influence of the gas-phase transport, two of the experiments were run in an N 2 -atmosphere. The other experiments were run in an Ar-atmosphere.
The top flange of the furnace has three inlets, one of which was used for gas flow into the furnace. Of the remaining two inlets, one was used for an alumina sheath, inside which was nested a type S Pt-Pt10%Rh thermocouple measuring the melt temperature. Another thermocouple was placed near the hottest point on the heating spiral, and used to control the furnace temperature with a Eurotherm 903P temperature controller. All temperature measurements in this article refer to the melt temperature.
The final inlet was used for the sample taking and is fitted with a ball valve, a 115 mm long steel tube, and a sealing mechanism with two o-rings. The samples were extracted using int 2 mm Â ext 4 mm quartz tubes fitted with a syringe. In each sampling, $0:5 mL ($1 g) melt was sucked into the tube, meaning that roughly 137 mm of the tube was filled with silicon. Since the distance between the ball valve and the bottom o-ring was 160 mm, this prevented damage to the o-ring seal, as the valve could be closed beneath the nozzle of the sampling tube with all the hot silicon inside the metal tube still below the o-ring.
As samples were extracted at different temperatures during one experimental run, the samples were always taken in order of increasing temperature. This was done to avoid nitrogen entering into solution at high temperature and then precipitating as Si 3 N 4 once the temperature decreases. Such Si 3 N 4 precipitates would give too high nitrogen levels during analysis.
The samples were etched in concentrated HF for a couple of days in order to completely get rid of the quartz tubes. The silicon was then rinsed in distilled water, and sent to analysis at Elkem Research where they were analysed for nitrogen using a Leco TCH600 analyser. It was confirmed through microprobe analysis that no Si 3 N 4 precipitated on the quartz tubes, and no nitrogen was lost during the etching process.
Results and Discussion
A total of 61 samples were analysed from four experimental runs. The samples were analysed in one to three parallels, depending on the amount of sample available in each case.
The parallels were grouped according to the 3 C temperature interval in which they were extracted. Any parallel that deviated from the mean of its temperature group by more than two standard deviations was deemed an outlier, and removed from the data set. All parallels removed from the data set in this way showed a positive deviation, indicating contamination. Figure 1 shows all parallels for all experiments, including the excluded outliers.
Time dependency of the nitrogen content
Samples were extracted with settlement times ranging from 4 to 127 min so that any evolution of nitrogen solubility with time could be investigated. For each sample, the settlement time is the time between achieved sampling temperature and sampling.
No dependence of the nitrogen levels on the settlement time could be detected, and it was concluded that equilibrium is established rapidly, within a couple of minutes at most. Hence no samples were left out of the discussion based on too short a settlement time.
Effect of the atmosphere
When investigating the solubility of nitrogen in silicon, the effect of the gas phase needs to be considered, because nitrogen is able to enter or leave the melt as N 2 gas:
This reaction is influenced by the atmospheric conditions in the furnace. If the nitrogen partial pressure is high, this will drive nitrogen out of the gas phase into the silicon. In the present work, this would be the case for the experiments performed under 100% N 2 atmospheres. In an Ar atmosphere however, the partial pressure of nitrogen would be low, and nitrogen would leave the solution to increase the nitrogen content in the gas phase up to the equilibrium partial pressure. In the present work the gas phase is not stagnant, but flowing through the furnace, and nitrogen would constantly be leaving the melt. The solubility data from all experiments were plotted as functions of temperature for both the Ar and N 2 atmospheres. The data were fitted to Arrhenius equations using the method of least squares, and the results are plotted in Fig. 2 . As can be seen from the plot, the variation between the two curves is less than the variation at individual temperatures, indicating that the atmosphere has only a negligible effect on the nitrogen solubility. Furthermore, at higher temperatures the equations obtained suggest a higher nitrogen content in an argon atmosphere than in a nitrogen atmosphere. One would expect the opposite result as more nitrogen would be expected to leave the melt through the argon atmosphere. Thus it is concluded that the atmosphere has no detectable effect on the nitrogen solubility, and that the differences between the curves in Fig. 2 are simply due to the variance in the experimental data.
The physical implication of this conclusion is that the dissolution of nitrogen into the melt from the crucible walls is much faster than the off-gassing of N 2 gas. The situation can be seen as a dynamic equilibrium, where nitrogen leaving the melt through the gas phase is immediately replaced by nitrogen dissolving from the crucible wall. A rapid dissolution mechanism at the crucible wall is in agreement with the observed rapid establishment of equilibrium described in the previous paragraph.
Temperature dependency
Having established that the choice of atmosphere has no effect on the nitrogen content in the melt, the complete data set was fitted to an Arrhenius expression using the method of least squares. The best fit gave, in mass%: 
Dissolution energy of nitrogen
The equation describing the dissolution of nitrogen can be expressed as a combination of the equations describing the formation and dissolution of Si 3 N 4 :
This means that the dissolution energy of nitrogen can be expressed as: ÁG 
The molar Gibbs energy change of nitride dissolution at a temperature T can be computed from the equilibrium constant via the familiar expression
where R is the gas constant. Now, the equilibrium constant K 5 is given by the activities of the reactants and products of eq. (5). Since the silicon and silicon nitride are virtually pure, the activities of these components can be assumed to be equal to unity. Furthermore, at the low levels of nitrogen found in the present work, it makes sense to assume Henry's law behaviour for the activity of nitrogen in silicon. Thus by selecting 1 mass% of nitrogen in liquid silicon as the standard state of nitrogen the equilibrium constant is given by the nitrogen concentration and the Gibbs energy change of the dissolution of silicon nitride becomes:
which combined with eq. (7) gives
for the dissolution energy of nitrogen (in units of Joule per mol). At the melting point of silicon, this equation gives a dissolution energy of 27.6 kJ/mol. Narushima et al. 6) used a similar derivation to obtain an analogous expression. Their work point to a dissolution energy of 67.5 kJ/mol at the melting point. Figure 4 shows a semilogaritmic plot of the nitrogen solubility versus inverse temperature in a comparison withresults reported by other authors. The results of the present work is in reasonable agreement with much of the previously published data, [7] [8] [9] but differs from the results of Kaiser and Thurmond 10) by a factor of about two, and from the data of Narushima et al. 6) by a factor of almost ten. Kaiser and Thurmond indicated the occurrence of active nitrogen in their experiments, and reported an increased reaction rate in the presence of this higher activity nitrogen. 10) As pointed out by Narushima et al., 6) this increased activity of the active nitrogen could be the reason behind the high levels of solubility. On their own part, Narushima et al. argue the validity of their results based on an enthalpy consideration. Having previously found a correlation between the enthalpy of dissolution of oxygen in a metal and the enthalpy of formation of the corresponding metal oxide, 11 ) they attempt to demonstrate a similar relationship in the case of nitrogen. They do concede that there is too little data available to quantify the relationship, but express increased confidence in their own results as there appear to be a qualitative trend. However the enthalpy of dissolution, when calculated from an equation describing the solubility as a function of temperature, depends not on the absolute value of the solubility, but rather on the term describing its evolution with temperature. Thus the solubility data could be wrong by several orders of magnitude, yet from the enthalpy argument they should be considered sound.
Comparison with previous results
The reasons behind the scatter can be many and complex, but it is likely that the inherent difficulty of analysing low amounts of nitrogen in silicon plays a significant role. As discussed in the results-section, some data points deviate so much as to be defined as outliers. As was mentioned, these outliers are probably caused by nitrogen contamination. It is possible that certain other samples are also contaminated, but to a much smaller degree, and that this is a cause of some of the scatter.
It is likely that at least some aluminium is present in the melt because of the presence of alumina in the furnace interior and the thermocouple sheath. However, the solar grade silicon database produced by SINTEF 12) predicts a change in nitrogen solubility of only 0.3% with a 1 mass% Al-content in the melt. The influence of the aluminium can therefore be disregarded.
Conclusions
The time dependence of the nitrogen content and the temperature dependence of the solubility limit in liquid silicon equilibrated with silicon nitride have been studied.
No time dependence of the nitrogen content could be detected, and it was concluded that equilibrium is rapidly established.
The equilibrium was investigated in both an Ar and a N 2 atmosphere. No significant difference between the results obtained in either atmosphere could be detected, and the atmosphere was found to have a negligible influence on the nitrogen solubility. This is in accordance with the fast reaction on the crucible wall totally dominating any nitrogen transport through the gas phase.
The temperature dependence of the solubility in mass% was found to follow C N ðTÞ ¼ 7957:9 Ã expðÀ24376=TÞ
ðT : 1701 À 1815 KÞ:
At the melting point of silicon, this gives a solubility limit of 42 ppm mass. From this expression, the ÁG 0 of the dissolution of nitrogen was derived via a simple thermodynamic derivation to obtain: Present work Kaiser and Thurmond [10] Yatsurugi et al [7] Yoshikawa and Morita [9] Tanahashi et al [8] Narushima et al [11] 
